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FOREWORD 


This  final  report  wa3  prepare!  by  New  York  University  under  U3AF  Contract 
AF  33(6l6)-3883.  This  contract  was  initiated  under  Project  7021  "Solid  State 
Research  and  Properties  of  Matter'',  Task  70661  "Effects  of  Internal  Structure  and 
Impurities  on  the  Conductivity  and  Allied  Phenomena  in  Solids".  The  work  was 
administered  under  the  direction  of  the  Aeronautical  Research  laboratory,  Office 
of  Aerospace  Research,-  Wright-Pt.tterson  Air  Force  Base,  Ohio.  Mr.  J.  W.  Poynter 
was  the  project  engineer. 

A  major  portion  of  the  work  carried  out  under  this  contract  ha3  been  described 
in  ARL  Technical  Report  59-570,  dated  October  1960,  and  in  three  publications  which 
have  appeared  in  the  Transactions  of  the  AIME.  Reference  to  these  publications  is 
cited  in  th«  body  of  the  report.  This  final  report  summarises  th»  additional  work 
carried  out  in  the  period  January  1960  through  May  1961  which  has  not  as  yet  been 
published. 
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ABSTRACT 


An  investigation  of  U:e  physical  and  electronic  properties  of 
FbTe,  FbSe ,  BaTe,-  BaSe,  and  alloys  of  the  system  FbvSn/,  \Te  was  carried 
out.  A  major  portion  of  the  work  on  FbTe  appeared  previously  in  ARL 
Technical  Report  59-570, 

Additional  analysis  of  the  data  for  the  FbTe  system  shows  that 
the  disparity  in  energy  gap  values  for  FbTe  as  determined  from  optical 
and  thermal  measurements  may  be  explained  by  generation  of  excess  canicrs 
due  to  defect  generation  at  elevated  temperatures.  An  analysis  of  acti¬ 
vation  processes  involved  points  to  Fb  interstitials  as  the  most  likely 
defect  present. 

BaSe  and  BaTe  can  be  prepared  oy  direct  reaction  of  Ba  with 
Se  and  Te.  The  binding  energies  of  these  compounds  is  high  as  evidenced 
by  their  high  melting  point ^  ~  iMinr*  irTtfriaj  and  high 

resistivity  at  room  temperature?' 

n  nhar**»»  indicating  that  both  would  have  rather  high  energy  gaps.  On 
exard  tuition  of  the  PbSc  phase  diagram  by  thermal  analysis  and  net  al¬ 
lographs  techniques  it  was  determined  that : 

1  1)  the  neltlnc  point  of  PbSc  is  CTS.l'C  , 

.  !* 

2)  a  monotec-  e  reaction  occurs  on  tho  »iwl«  rich  side  of 

">*  j  A*Jr  - _ _  , 

Wrwcatam **— S'i.utluil  does  not  occur  on  the  laad  rich  side 

of  FbSe. 

I-Jcasureraents  of  electronic  properties  of  FbSe  indicated  that. 

il)  stoichiometric  PbSc  docs  not  melt  at  the  maximum  melting 
point  but  the  maximum  melting  point  occurs  at  a  composition  containing 
0.009  atonic  percent  eelenium,  . 

2)  the  energy  gap  as  determined  fro.  *cictivity  and  Kali 

effect  as' a  function  of  temperature  *  neater  than  that 

reported  from  optical 

3)  on  the  basis  of  exploratoryquenching  experiments,  it  appears 
that  the  above  discrepancy  results  from  defect  Generation,  as  in  the  case 
of  FbTe. 


PbTe  and  SnTe  are  completely  miscible  in  the  system  Fb  Sn,,  _  ,Te. 
Preliminary  experiments  indicated  that  the  electronic  parameters31  '~*x' 
vary  continuously  as  Sn  is  substituted  for  Fb. 
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i.  nmoDUCTioH 


The  electronic  properties  of  lead  telluride  and  several  related 
c expounds;  lead  selenide,  bariun  telluride,  barium  selenide,  and  tin 
telluride  have  been  investigated  for  application  in  themoelsctr.ic  circuits. 

The  early  work  on  lead  telluride  vas  reported  in  ARL  Technical 
Report  59-570.  At  that  time  it  vas  observed  that  a  significant  discrep¬ 
ancy  existed  between  the  energy  gap  values  for  FbTe  determined  from  opti¬ 
cal  measurements  as  coepared  with  that  determined  from  temperature  exci¬ 
tation  of  electron  hole  pairs.  As  described  in  a  later  section,  the  op¬ 
tical  value  is  the  proper  one  to  use,  the  thermal  value  being  affected 
by  the  generation  of  lattice  defecta. 

Mark  on  BaSe  and  BaTe  vas  published  in  the  Transactions  of 
A2ME  (l).  The  major  conclusions  are  susoarised  in  a  later  section. 

Investigation  of  FbSe  lead  to  observations  similar  to  those 
found  in  the  PbTe  system: 

a)  the  maximum  melting  point  of  FbSe  does  not  coincide  with 
the  stoichiometric  point 

b)  generation  of  defects  results  in  a  discrepancy  betveen  op¬ 
tical  and  thermal  energy  gap  values 

In  addition,  the  lead  rich  portion  of  the  Pb-Se  phase  diagram  vas  re¬ 
investigated. 

The  study  of  Sffle  and  PbTe-ShTe  alloys  did  not  reach  the  point 
where  significant  results  can  be  reported.  However,  the  preliminary 
observations  are  sunearised  in  the  body  of  the  report. 


II.  nggRHEIATIOH  or  KTiHCfBOHIC  PBOPEBTOSS 
AMD  gggff  EQUILIBRIA  Iff  PWc 


The  resistivity,  Hall  coefficient  a  sebeck  coefficient  of 
single  cryetolo  of  PbTc  were  investigated  in  the  range  from  TT'K  to  900*K 
using  a  capsuling  arrangement  vhlch  prevented  tellurium  loss  from  the 
specimens  at  elevated  temperatures.  The  low  temperature  properties  ob¬ 
tained  agree  with  the  data  reported  in  the  literature.  The  thermal 
energy  gap  obtained  from  the  high  tesperature  measurements  could  not  how¬ 
ever  he  brought  into  agreement  with  the  energy  gap  determined  from  room 
temperature  absorption  measurements  by  considering  solely  the  excitation 
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of  electron-hole  pairs  across  the  energy  gap  at  elevated  temperatures. 
Bather,  it  is  necessary  to  include  the  carriers  generated  by  defect 
formation  at  elevated  temperatures.  Both  Schottiy- Wagner  and  Frenkel 
defects  are  present,  the  activation  energies  for  formation  of  the  two 
types  of  defects  being  related  by  the  equation: 

(1)  Ep  =  1/2  Bs  +  0.55eV  =*  O.TeV 


ae  possible  occurrence  of  such  discrepancies  has  been  dis¬ 
cussed  by  Ssith  (2) ,  who  concluded  that  they  can  be  attributed  either 
to  unusual  changes  in  the  band  structure  of  the  con?>ound  with  tempera¬ 
ture,  to  vaporisation  of  tellurium  and/or  to  the  formation  of  defects 
at  elevated  tesgieratures. 

Since  the  discrepancy  between  optical  and  thermal  energy  gap 
values  has  not  yet  been  completely  resolved,  the  purpose  of  the  present 
investigation  was  to  redetemina  the  electronic  properties  of  the  com¬ 
pound  using  a  capsulating  technique  which  would  completely  eliminate 
tellurium  losses  at  elevated  temperatures  during  measurements,  and  to 
compare  these  data  with  room  temperature  optical  data. 

■j.ie  results  reported  in  TH59-570  show  that  the  energy  gap  cal¬ 
culated  from  measurements  of  resistivity  as  a  function  of  temperature  is 
indeed  considerably  greater  than  that  obtained  from  optical  absorption 
experiments,  even  when  tellurium  vaporisation  is  cocpletely  suppressed. 

The  experimental  results  show  that  marked  variation  of  the  basic  electronic 
parameters  with  temperature  -  unlikely,  and  that  this  mechanism  cannot 
be  used  to  explain  the  discrepancy.  However,  quenching  experiments 
indicate  that  defects  present  at  elevated  temperatures  create  additional 
carriers  in  FbTe,  and  that  such  carrier  generation  can  satisfactorily 
explain  the  disparity  between  the  optical  and  thermal  energy  gaps.  Wiile 
anitb  considered  that  defects  were  produced  at  elevated  temperatures 
primarily  as  a  result  of  vaporisation  of  tellurium  from  the  specimens, 
our  data  indicate  that  the  lattice  defects  that  predominantly  affect  the 
electronic  properties  are  lead  interstitial  ions.  The  energy  of  formation 
of  the  interstitials  can  be  calculated  from  the  electronic  data,  and  the 
analysis  is  presented  in  the  following  discussion. 

The  energy  gap  of  a  semiconductor  is  gene:  "  obtained  by 
one  of  the  following  three  methods: 

1. -  Determination  of  the  absorption  edge;  that  is,  the  mini¬ 
mum  value  of  photon  energy  which  is  absorbed  after  correction  for  free 
carrier  absorption. 

2,  Prom  conductivity  vs  temperature  measurements'  If  the 
specimens  can  be  assumed  to  be  intrinsic,  then: 

(a)  T  «  2(afi’kT)3/2  (  Vh>3A  +  /^p)  «S>  -  (E/2M?) 
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or 

(3)  <r  «  AT3/2  (^n  +/y  exp  -  (S0/2KT) 

where  A  is  a  constant  depending  on  the  shape  of  the  energy  contours, 
effective  masses  and  temperature  variation  of  the  energy  gup.  If 

(4)  /o  .  cT'3/2  , 

then  the  slope  of  a  In  O'  vs  l/T  plot  should  yield  the  energy  gap  at  OX 

3,  IToo  Hall  coefficient  vs  temperature  measurements:  If 
the  specimen  is  either  in  the  transition  or  intrinsic  region  the  Hall 
coefficient  can  he  given  by: 

(5)  H  =  r(nb2  -  o)/(n'o  +  p)2e 

Ifcere  r  depends  on  the  shape  of  the  energy  contours  and  the 
statistics  obeyed  by  the  charge  carriers,  and  b  1 c  the  mobility  ratio. 

The  usual  analysis  is  to  set:  n  -  p  »  1L  in  the  transition 
region  and  n  »  p  in  the  intrinsic  region,  vhere  !Ll1b  the  ispurity 
concentration.  Then  since: 

(6)  npl"3  -  B  erp  -(E JVX) 

the  slope  of  a  In  npT*3  vs  I/T  plot  should  give  the  energy  gap  at  OX 

However,  direct  application  of  these  standard  equations  to  the 
data  has  resulted  in  definite  discrepancies.  The  optical  value  of  the 
energy  gap  extrapolated  to  0"K  is  0.17  eV,  while  the  best  slope  of  the 
In  or  vs  l/T  curve  is  0.35  eV.  Similar  discrepancies  have  been  observed 
in  the  homologous  compounds  FbS  and  PbSe.  The  optical  and  thermal  energy 
gaps  for  PbS  are  0.22  (3)  and  0.32  eV  (4),  and  for  PbSe  0,15  (3)  and 
0.48  eV  (5).  In  addition,  it  is  quite  surprising  that  a  straight  line 
can  be  drawn  througi  the  elevated  tesqwrature  conductivity  data  since  it„ 
is  seen  that  above  300*K,  the  mobility  depender-e  on  temperature  is  T*3'  . 
If  this  region  ia  the  truo  intrinsic  region,  t  -onduetivity  line  should 
definitely  curve  concave  upward.  It  is  shown  1  -  that  the  conductivity 

in  this  region  is  controlled  by  defects. 

Vhile  such  differences  have  been  mainly  discounted  in  previous 
work  as  tbs  result  of  composition  change  at  elevated  temperatures  (4), 
the  observed  reproducibility  of  the  data  after  extended  beating  times 
Indicates  that  no  significant  cce^oaltlon  change  occurred,  am]  therefore 
the  discrepancies  observed  are  real  effects. 

As  has  been  stated  by  adth  (2),  the  thermally  determined 
value  of  the  energy  gap  vill  yield  the  true  energy  gap  at  0*K  only  If 
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the  energy  gap  varies  linearly  with  temperature,  and  the  factors  A  in 
equation  3  and  B  in  equation  6  are  constant  (implying  nr*  and  b  are 
independent  of  temperature ) . 

If  the  bandgap  is  quadrat ically  dependent  on  T,  then  the  energy 
gap  can  be  written  as: 

(7)  E  -  Eo'  +  gr  -  Kt2 

and  the  energy  gap  calculated  from  the  slope  of  the  In  tr  vs  l/T  curve 
will  actually  be  (2): 

(8)  E  =  E0  ■*  Kt8. 

The  energy  gap  o f  FbTe  as  a  function  of  temperature  has  been 
plotted  by  anith  (a)  from  the  infrared  absorption  data  of  Gibson  (6) 
Although  there  is  sane  curvature  to  the  graph,  the  effect  on  the  meas¬ 
ured  htnflgap  due  to  the  curvature  aa  calculated  by  equation  8  is  only 
about  0.07  eV. 

'nth  regard  to  the  possible  variation  of  the  factor  A  in  equation 
3,  the  Seebeck  coefficient  data  obtained  gives  a  constant  effective  mass 
from  T7*K  to  300*K.  Even  more  conclusive  proof  of  the  conetancy  of  the 
effective  bus  is  the  thermoelectric  data  of  Kblorooets  et  al  (7),  who 
observed  no  change  in  the  effective  mass  over  the  vide  temperature  range 
frcei  o*  to  U50*c.  This  ter  -rature  interval  includes  most  of  the  region 
over  vhich  the  intrinsic  resistivity  data  for  our  study  vas  taken,  and 
variation  of  the  pre-exponential  factor  can  therefore  he  considered 
negligible.  Therefore,  the  other  possibility  suggested  by  anith  muot  be 
considered,  that  ia,  the  generation  of  defects  at  elevated  temperatures. 

Measurements  taken  aa  a  function  of  tesperature  will  in  this 
case  detect  carriers  generated  by  tvo  distinct  mechtnisms:  1)  the  exci¬ 
tation  of  electron-hole  pairs  end  a)  the  formation  of  structural  defect* 
at  elevated  temperatures  and  the  ionisation  of  their  Isolated  energy 
levels.  Optical  measurements  at  room  temperature,  on  the  other  hand, 
will  only  generate  carriers  by  mechanism  1. 

The  data  obtained  from  quenching  experts  indicate  that 
carriers  are  generated  dus  to  defect  formation  at  elevated  temperatures. 

Two  temperature  ranges  can  be  observed.  In  the  temperature  Interval 
from  500  -  800*K,  the  carrier  concentration  of  both  the  n  nd  g  types 
samples  increases  while  above  the  upper  temperature  the  carrier  con¬ 
centration  of  the  n-type  sample  continues  to  rise,  while  that  of  the  j>- 
type  staple  begins~to  fall. 

The  lower  teaperature  range  has  been  studied  previously. 
Xoval'chlek  and  Maslakorets  (8)  obtained  an  activation  energy  for  the 
production  of  carriers  of  0.6£  eV  in  g-type  material  as aiming  a  blmolecular 
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reaction  (0.31  eV  slope).  They  stated  that  the  production  of  carriers 
during  annealing  is  caused  by  the  solution  of  excess  quiescent  impurity 
at ccs.  Fritts  (9)  obtained  a  slope  of  0.55  eV  in  both  n-  and  j>-  type 
material.  He  concluded  that  both  lead  and  tellurium  sbov  retrograde 
so] utility  in  FbTe.  Such  retrograde  solubility  has  been  reported  for 
PbTe  (10). 


However,  in  the  tesqwrature  range  above  800*K,  the  concen¬ 
tration  of  electrons  in  both  n  and  g-type  samples  after  quenching  begins 
to  Increase,  The  carriers  therefore  apparently  cane  from  the  generation 
of  structural  defects,  vhlch  is  Independent  of  the  small  cocposition 
difference  of  the  two  samples . 

If,  as  will  be  proposed  later,  the  structural  defects  produced 
at  elevated  temperatures  which  cause  significant  changes  in  the  electronic 
properties  are  lead  interstitial  atoms,  then  migration  and  recombination 
of  the  interstitials  with  lead  vacancies  would  be  expected  to  be  fairly 
rapid,  even  at  relatively  low  temperatures  (U).  Only  on  quenching  from 
elevated  temperatures ,  where  their  concentrations  are  relatively  hieft 
would  a  measurable  concentration  of  interstitials  be  expected  to  be 
trapped.  In  the  lover  temperature  range  the  excess  lead  or  tellurium 
atoms  d  s solved  in  the  lattice  due  to  retrograde  solubility  which  aro 
substitutional  and  which  therefore  cannot  migrate  as  rapidly  as  the  inter¬ 
stitials  would  be  quenched  in  and  would  control  the  room  temperature 
electronic  properties. 

If  the  increase  „n  carrier  concentration  due  to  retrograde 
solubility  were  the  only  source  of  additional  carriers,  then  in  £- 
type  material  the  conductivity  would  be  given  at  elevated  temperature  3 
by: 


<T  "  (n  +  p^)  e^u.p  +  ne/^  -  (n  [b  +  l]  + 

where  p  *  no.  of  carriers  /cm^  due  to  increasing  solubility  with 
increasing  tenqperature  and  n  -  no.  of  electrons  excited  across  the 
energy  gap. 

At  any  temperature: 

(n  =  Pn)  n  -  n? 

If  we  take  the  mobility  as  being  given  by: 

/%  -  dl'5/2  »nd  b  “/yd*,  -  2.1 
then  solving  lor  the  masher  of  excess  carriers  gives: 
j  «  C*°.55  P„  +  1.55  (p^  +  4ni2)i/23  ecT'5/2 
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or: 

(9) 


0.71  STaT5^2  +  (lurVc2-!^2)1/2 
pre  =  I7T5 


where  c  “  0.6-5/ed,  Hhile  the  value  of  n?  Is  unknovn,  its  temperature 
dependence  must  be  CF  exp(-0.17/KT)  (using  the  energy  eap  obtained 
from  the  Infrared  absorption  measurements).  Substituting  the  experimental 
values  for  c  and  C,  then  regardless  of  what  reasonable  value  of  c  Is 
chosen  (to  make  n,  »  1015  to  Mr"  at  room  temperature)  solution  of  e<i.  9 
shows  that  the  concentration  of  additional  carriers  at  600*K  and  above 
must  be  significantly  greater  than  that  generated  by  intrinsic  electron- 
hole  pair  excitation,  and  the  latter  may  be  neglected  with  little  error. 


Considering  retrograde  solubility  only,  since  the  concen¬ 
tration  of  additional  carriers  is  greater  than  that  from  electron-hcJ o 
excitation,  the  Seebeck  coefficient  of  g-t/pe  material  should  remain 
positive  in  sign  for  all  temperatures.  Since  the  Seebeck  coefficient  is 
negative  above  500*K  for  all  samples,  the  rnraber  of  carriers  introduced 
by  retrograde  solubility  must  be  fairly  small  coopered  to  that  produced 
by  lattice  defects  and  need  not  be  considered  at  elevated  temperatures, 
contradicting  the  suggestion  by  Frit t a  and  Karrer  (12). 


DEFECT  F0EMATI0H  ENERGY 


The  calculation  based  on  equation  9,  and  the  fact  that  the 
Seebeck  coefficient  Is  n-type  for  all  camples  at  elevated  temperatures, 
indicate  that  shove  6oo*K  thermally  generated  n  type  defect  centers 
become  controlling.  The  ccnductivlty-teagwrature  curves  at  these  temper- 
aturee  can  be  used  to  determine  the  activation  energy  for  defect  formation. 
For  n-type  carriers  predominating,  we  have: 

cr  »  n'e 

where  n*  is  the  number  of  carriers  due  to  defect  JV  -nation. 

Since  above  room  temperature  the  mobility  can  be  w.  -.en  as: 

^ ,Z 

then  O'  can  be  written  as: 

<T  <=  D  exp  -(Sp/KT)  T*5^2 

This  equation  can  be  fitted  to  the  conductivity  data  fo.'  =  0.31  eV  over 
the  entire  intrinsic  temperature  range  studied.  Therefore1 

(10)  n'  •  F  exp  -(0.31/kT) 
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There  is  relatively  little  data  on  the  typos  of  defects  present 
in  FbTe  and  their  energies  of  formation.  The  activation  energy  for  dif¬ 
fusion  of  Pb  and  Te  in  PbTe  vas  obtained  by  Boltaks  and  Makhov  (13)  as 
0.6  and  C,75  eV  respectively.  The  low  value  of  the  activation  energy 
suggests  an  interstitial  diffusion  mechanism,  but  since  the  activation 
energy  for  diffusion  of  both  Pb  and  Te  ore  close,  and  the  radius  of  the 
Te**  ion  is  too  large  to  permit  interstitial  migration,  they  concluded 
that  the  mechanism  must  be  one  of  vacancy  migration. 

Defects  that  will  result,  in  energy  levels  in  the  forbidden 
band  can  either  be  FrenJiel  defects,  Schottky-Vfagner  defects  or  anti- 
structure  disorder  (l4).  While  anti -structure  disorder  is  possible, 
such  defects  are  extremely  unlikely  to  occur  in  polar  compounds  and  this 
type  of  defect  can  be  ignored.  If  both  Schottky-Wagner  and  Frenkel 
defects  exist  in  PbTe,  then  Te  vacancies,  Pb  vacancies  and  Pb  inter¬ 
stitials  will  be  present.  Due  to  the  largo  ionic  radius  of  the  Te  ion, 
the  concentration  of  Te  interstitials  will  be  very  small  ond  can  be 
neglected.  The  Hall  effect  data  indicate  that  the  ioni 2a4  .on  energy  of 
the  defects  is  quite  small,  and  we  can  conclude  that  the  first  ionizations 
of  the  defects  occur  with  an  extremely  low  activation  energy,  while  second 
lonize^ions  do  not  occur'. 

The  interactions  involving  the  various  defects  consist  of  the 
formation  of  the  lead  vacancies  and  interstitials,  the  tellurium  vacan¬ 
cies,  the  ionization  of  these  defects  and  the  generation  of  electrons 
and  holes  by  excitatiou  *»  ross  the  forbidden  band.  The  charge  on  the 
various  components  is  writcen  below  with  respect  to  the  lattice,  so  that 
the  ordered  lattice  is  designated  by  the  neutral  symbol  PbTe.  The  charge 
of  the  vacancies  is  therefore  opposite  that  of  the  lattice  site  occupied 
by  its  normal  ion.  In  this  convention  a  lead  ion  sitting  on  a  lead  site 
is  uncharged  with  respect  to  the  lattice,  while  a  lead  interstitial  will 
be  doubly  positively  charged  and  a  lead  vacancy  doubly  negatively  charged. 
The  equations  denoting  the  first  ionizations  of  the  various  defects 
follow  directly  from  the  apparent  charges  on  the  defects.  In  setting  up 
these  equations  it  is  important  to  note  that  as  a  result  of  the  tncapsu- 
latlon  the  composition  of  the  crystal  is  constant,  and  does  not  vary  as 
a  function  of  temperature.  This  requirement  is  specified  in  equations 
17  and  18. 


The  various  equilibria  involving  the  di.i erect  defects  and 
the  charge  carriers  can  therefore  be  written  as: 


(11)  ground  state  ■  n'  +  p+ 

Kj.  '  [n‘J[p+3  - 

(12)  PbTe  »  Vp=  ♦  v/* 

» Opt)  rv: 

(13)  Pb  -  Ip++  +  Vp- 

*3  ■  M 
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U4)  ^  =■  lp+  +  P+  \  =  [P+]  [lp+] 

(V) 

(15)  vp-  -  v  +  °*  h  =  CV3  [a1 

K1 

(16)  VT”  .  VT+  +p+  Kg  =  tv)  bj 

0V3 

Hie  electroneutrality  condition  Is: 

(IT)  f  1  *fp+3  +  [Vp'3  -  tvT+3  -  flp+]  -  2  [ip”]  -  2  {vt”3  t  2Cvp°)  -  0 


and  the  requirement  that  the  cosposition  remains  unchanged  by  defect 
formation  Is: 

(is)  (vi +  tv)  ■  M  +  tv)  -  tv)  -  tv) 

These  equations  can  be  solved  using  the  approach  suggested  by  Brouwer  (15). 
by  obtaining  simplified  eleetronautrality  and  composition  equations. 

It  was  shown  from  Equation  9  that  n»p,  and  therefore  the 
hole  concentration  can  be  neglected  in  Equation  17.  as  can  the  concen¬ 
tration  of  doubly  charged  vacancies  In  eq.  18  as  well  as  eq.  IT.  Then: 

(17B)  jy]  -  2  [ip”]  +  (V3  -  Cvp'3  +  tv) 


If  fcp  3  "0,  complete  compensation  of  the  various  defects 
occurs,  aM  fnj  *  C.  This  limiting  case  is  thertf  *e  impocsihlc.  The 
other  limit  is  to  let  [lp+]  ■  0,  that  is,  to  consid  the  case  vhere  the 
interstitial  lead  atoms  nave  a  large  ionization  enei 

If  [lp+]  «*  0,  then  from  Equation  18 

CV)  -  M  -tV) 


The  simplified  electroneutrality  condition  is: 

(ice)  [»-]  -  [ip”3 
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Equation  18  can  also  be  simplified.  Prom  the  diffusion  p  j 

experiments  of  Boltaks  and  Makhov  we  can  conclude  that  flp++}  +  [L,  J\\  LVp-J 
and  can  be  neglected. 

Equation  18  simplifies  to: 

(i8b)  [y]  -  [y]  »  o 

The  equations  governing  the  equilibria  are  therefore  Equations 
11  -  16  and  Equations  17C  and  18B.  Solving  these  eight  simultaneous 
equations  ror  the  concentration  of  electrons  yields: 

(19)  [n“J  =  F  exp  (-E0  +  Bs  +  Kjy  -  8  Bp  -  B ^/kW! 

E—  and  E*p  aue  very  small,  E  =»  O.17  eV  and  free  eq.  10  [n"l  varies 
experimentally  as  exp  -(0.31/KT).  Substituting  these  quantities  into 
eq.  19  yields: 

(20)  Ep  =  0.55  +  1/2  Eg 

The  energies  of  formation  of  Frenkel  end  Schottky  defects  are 
therefore  related.  The  small  energy  of  formation  of  both  these  defects^ 
is  probably  due  to  the  unusually  high  polarizability  of  the  Pb++  and  Te“ 
ions,  which  permits  coulr  hie  relaxation  to  reduce  the  energy  of  the 
defects  once  formed. 

E,,  can  be  estimated  to  be  approximately  one-half  the  activation 
energy  of  diffusion  (0.6  eV)  so  that 

Ej,  «0.T  eV 

The  activation  energy  for  movement  of  a  Frenkel  defect  can 
be  taken  to  he  very  roughly  one -half  that  of  movement  of  a  Schottky 
defect  (14)  so  that  the  activation  energy  for  diffusion  of  a  Frenkel 
defect  is: 


Dp  «  0.8  -  0.9  eV 

The  larger  energy  of  formation  of  IVenkel  defects  indicates 
that  the  concentration  of  these  defects  is  significantly  less  than  that 
of  the  Schottky  defects.  This  therefore  corroborates  the  assumption  of 
Boltaks  and  Makhov  that  diffusion  is  essentially  controlled  by  a  vacancy 
mechanism, 
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III.  PROPERTIES  OF  B&Te  AMD  BaSe 


The  high  mean  atomic  weight  and  possible  high  value  of  energy 
gap  were  the  attractive  features  of  BaTe  and  BaSe.  However ,  high  purity 
cceq>ounds  are  difficult  to  obtain  because  of  the  reactivity  of  barium 
with  the  atmosphere  and  the  large  heats  of  formation  of  the  compounds, 

A.  Preparation  of  BaTe  and  BaSe: 

The  compounds  were  prepared  by  direct  reaction  of  the  two 
elements.  Purified  barium  and  semiconductor  grade  tellurium  and  selenium 
(99«99^f  pet)  were  used  as  the  starting  materials.  Since  tellurium  and 
selenium  react  with  metals,  and  barium  tends  to  reduce  refractory  oxides, 
high  purity  reactor  grade  graphite  crucibles  were  used.  The  crucibles 
were  outgassed  in  vacuum  at  1000 °C  for  4  hr  urior  to  use.  The  cxuull/<es 
were  charged  with  the  reactants  and  then  sealed  separately  into  iron  bombs 
in  an  argon  atmosphere  dry  box.  The  bomb  was  then  placed  in  a  furnace 
and  heated  in  vacuum  to  the  melting  point  of  tellurium  or  selenium.  Rapid 
reaction  occurred  upon  melting,  and  the  heat  of  formation  raised  the 
temperature  above  the  melting  point  of  the  compound.  Sound  nonporous 
polycry statline  ingots  were  obtained. 

B.  Properties  of  BaTe  and  BaSe: 

Debye-Scherrer  power  diffraction  patterns,  taken  in  a  114.6 
ran  diameter  camera  using  filtered  CuKa  radiation,  confirmed  the  B1  (Nad) 
structure  for  both  compounds.  The  lattice  parameters  obtained  were 
a  «  7.004  ±  0.002^  for  BaTe  and  a  =  6.600  ±  0.002^  for  BaSe.  These 
values  can  be  compared  with  those  reported  by  Goldschmidt  (16):  a  = 

6.99a  for  BaTe  and  a  «  6.53A  for  BaSe.  The  ionic  radii  of  nitrogen  and 
oxygen  are  smaller  than  those  of  tellurium  and  selenium,  so  that  solution 
of  these  impurities  in  the  compounds  would  tend  to  reduce  the  lattice 
constant.  The  higher  values  obtained  in  the  present  investigation  can 
therefore  be  attributed  to  higher  purity.  No  extraneous  lines  were  found 
in  the  X-ray  pattern,  indicating  that  carbon  pickup  during  reaction  was 
insignificant. 

ftie  melting  points  of  the  compounds  were  rained  by  direct 
visual  observation.  Specimens  weighing  about  1  g  vt^e  placed  on  a  tung¬ 
sten  strip  resistance  heater  in  an  evacuated  chamber  (17)  and  melting 
was  observed  through  a  quartz  window.  In  vacuum,  both  the  BaTe  ana  BaSe 
specimens  evaporated  completely  in  less  than  15  sec  at  1300 *C.  Introduction 
of  argon  corresponding  to  600  ran  Hg  at  temperature  retarded  vaporization 
sufficiently  to  permit  observation  of  the  sample  for  several  minutes. 

In  addition  to  direct  sighting  through  an  optical  pyr oerter  the  melting 
point  of  the  sample  was  determined  by  comparison  with  those  of  elements 
placed  on  the  heater  next  to  the  compound.  The  melting  point  of  BaTe 
as  measured  with  the  optical  pyrometer  was  1500*  ±  50*C.  BaTe  remained 
solid  at  the  melting  point  of  cobalt  (l460°C)  but  was  observed  bo  melt 
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before  Iron  (1535 *C).  The  melting  point  of  BaSe,  obtained  by  roans  of 
pyrometer  sightings,  was  I8500  ±  75 Comparative  observations  placed 
the  melting  point  betveen  that  of  platinum  (1773*0)  and  zirconium  (l857°C); 
melting  of  BaSe  occurring  almost  simultaneously  with  zirconium.  On  the 
basis  of  these  observations  the  respective  melting  points  of  BaTe  and 
BaSe  were  fixed  at  1510°  ±  30*0  and  1830*  ±  50*C. 

The  electrical  resistivity  for  a  Bale  and  a  BaSe  specimen  was 
determined  as  a  function  of  temperature  using  the  two  probe  method.  A 
ICepco  dc  constant  voltage  supply  vac  the  power  source  and  the  current 
through  the  sample  was  measured  with  a  Mi  111  vac  micro -mi  croamme  ter.  To 
eliminate  current  leakage  through  the  alumina  insulation  at  elevated 
temperatures,  the  insulation  was  preheated  at  1000*C  for  8  hr.  To  exclude 
the  possibility  of  thermionic  emission  from  the  sample,  the  specimen  was 
placed  at  00  v  positive  with  respect  to  ground.  The  room-temperature 
resistivity  of  the  samples  was  highly  dependent  upon  conducting  moisture 
and  hydroxide  layers  on  the  surface;  the  samples  were  therefore  heated 
for  four  hours  at  400*C  in  vacuum  to  convert  these  layers  to  nonconducting 
oxides. 


The  variation  of  resistivity  with  temperature  in  the  range 
from  300°  to  83CK  is  shown  in  Pig.  1.  The  room-temperature  resistivity 
of  the  BaTe  specimen  was  7  x  10?  ohm- cm  and  that  of  the  BaSe  sample  was 
3  X  lCr-0  ohm-cm. 

The  graph  si  re  a  continuously  increasing  slope  with  increasing 
temperature,  Accordii*j  to  Pell  (18)  the  carrier  mobility  of  BaO  increase r 
from  about  3  cm2/v-sec  at  low  temperatures  to  about  5  cm2/ v- sec  at  high 
temperatures.  If  we  assume  that  the  variation  of  mobility  with  tempera¬ 
ture  for  BaSe  and  BaTe  will  not  be  greatly  different  from  that  of  BaO, 
we  can  conclude  that  the  large  decrease  in  resistivity  with  increase  in 
temperature  must  be  due  to  an  increase  in  carrier  concentration. 

The  large  room  temperature  resistivities  suggest  that  the 
bandgaps  are  large,  consistent  with  the  optical  absorption  and  photo¬ 
emission  data  of  Zollveg  (19)  which  indicate  that  the  bandg&us  of  BaTe 
and  BaSe  are  of  the  order  of  several  electror  ’olts;  the  coinluclivity 
observed  must  therefore  be  due  to  ionized  imp  ties.  Because  of  the 
curvature  of  the  log  resistivity  vs  l/T  graph,  .  definite  ionization 
energy  could  not  be  calculated,  but  from  the  slope  of  the  curve  at  low 
temperatures,  the  impurity  ionization  is  of  the  order  of  0.25 

The  high  values  for  resistivity  and  Eg  coupled  with  purification 
problems  do  not  make  BaTe  and  BaSe  attractive  semiconductor  materials  for 
low  temperature  applications  but  they  are  potential  high  temperature 
materials. 
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IV.  THE  Fb-Se  SI3TIM 


Phase  relations  in  the  Pb-Se  system  and  some  electronic 
prooertiec  of  PbSe  were  investigated.  The  eigierlmental  techniques  used 
are  essentially  the  same  as  these  reported  for  the  PbTe  slufv  in  TR  59*570. 

A.  Liquidus  of  the  Pb-Se  Phase  Diagram  in  the  Region  30-70  Atomic 
Percent  Selenium; 

The  liquidus  vas  determined  from  direct  thermal  analysis  by 
the  study  of  the  freezing  curves  for  sixteen  different  compositions.  In 
Table  I  a  list  of  the  compositions  studied  will  be  found  along  with  the 
cooling  rate  employed  in  each  analysis.  The  IMF  observed  at  the  freezing 
point  was  converted  to  degrees  centigrade  by  using  the  quadratic  equation 
determined  in  the  calibration  of  the  thermocouple.  Data  showing  excessive 
supercooling  were  rejected  in  favor  of  curves  with  slight  or  no  super¬ 
cooling. 

One  monotectic  reaction  was  found  to  occur  at  76.5  atomic  per¬ 
cent  selenium.  This  value  is  in  agreement  with  the  activity  measurements 
of  Nozato  and  Igaki  (20).  The  temperature  of  this  invariant  reaction 
was  found  '.o  be  678.3*0.  See  Table  II  for  a  susnary  of  the  data. 

figure  2  shows  the  liquidus  in  the  immediate  vicinity  of  the 
stoichiometric  composition,  while  Figure  3  shows  the  liquidue  and  the 
mi.iate ctic  reaction  in  the  composition  range  from  30  to  70  atomic  per¬ 
cent  selenium.  The  maximum  -.lting  temperature  vas  determined  to  be 
1000. 7*0. 

B.  Observations  on  the  lead  Rich  Portion  of  the  Pb-Se  these  Diagram: 

In  the  region  between  50  and  100  atomic  percent  lead,  the 
literature  is  in  disagreement  as  to  whether  or  not  a  monotectic  reaction 
occurs.  Pelabon  (21)  reported  a  two  phase  region  consisting  of  lead 
rich  liquid  and  solid  PbSe  extending  from  almost  pure  lead  to  the  com¬ 
pound  PbSe,  and  gave  the  melting  point  of  PbSe  as  1065*C.  The  data  of 
Friedrich  and  Beroux  (22)  agreed  with  the  phase  diagram  of  Pelabon.  They 
determined  the  melting  point  of  FbSc  to  be  1088"C.  ’owever,  Nozato  and 
Igaki  (£0)  by  inverse  rate  thermal  analysis  observe.  monotectic  reaction 
Isotherm  existing  at  86o*C  vith  the  monotectic  point  20.5  at  f  Se. 

The  miscibility  gap  In  the  liquid  state  extends  from  7.5  to  20.5  atomic 
percent  selenium.  Hansen  and  Anderko  (23)  accepted  Nozato  and  Igaki1 a 
phase  diagram  in  the  region  of  the  Fb  rich  monotectic. 

To  reinvestigate  this  portion  of  the  PbSe  phase  diagram,  both 
thermal  analysis  and  metallographio  examination  of  various  compositions 
were  performed.  Cooling  ourvea  were  obtained  on  the  alloys  listed  in 
Table  III.  Data  was  taken  at  cooling  rates  ranging  between  one-half  to 
two  degrees  centigrade  pe-  minute.  The  alloys  were  heated  well  above  the 
liquidus  and  shaken  vigorously  to  insure  homogeneity. 


Mb  evidence  of  a  break  indicative  of  the  monotectic  reaction 
was  observed,  but  rather  the  llquldus  points  obtained  confirm  the  tvo 
phase  region  found  by  Pelabon  (21)  and  Friedrich  and  Ieroux  (22).  The 
melting  point  of  stoichiometric  PbSe  van  determined  for  tvo  samples  to 
be  1080.7  ±  0.5*0. 

To  cccpienent  the  thermal  analysis  data  an  86  at  $  Fb  sample 
was  examined  microscopically.  This  composition  vas  in  the  center  of  the 
miscibility  gap  reported  by  Hozato  and  Igakl  (20).  The  alloy  vas  heated 
to  1000*0,  held  for  l/2  hr,  and  vater  quenched.  The  specimen  vas 
polished  using  standard  metallographic  techniques  for  lesd.  The  alloy 
vas  etched  vith  an  acetic-nitric  acid  etchant  for  10  minutes  at  45*C. 
Microscopic  examination  did  not  indicate  the  existence  of  tvo  separate 
layers  or  solidified  droplets  imbedded  in  a  matrix,  as  vould  be  expected 
if  a  miscibility  gap  vere  present.  The  microstructure  for  a  similar 
alloy,  air  cooled,  shown  in  Tig.  4  consists  of  uniformly  dispersed, 
dendritic  lead  selenlde  in  a  lead  rich  matrix. 

Both  the  thermal  analysis  and  the  metallographic  study  there¬ 
fore  Indicate  that  a  monotectlc  reaction  Isotherm  does  not  exist  in  the 
lea''  rich  portion  of  the  lead  selenium  system. 

C.  Deviation  of  Maximum  Melting  Point  from  Stoichiometric  PbSe: 

Three  single  crystals  vere  prepared  of  the  following  composi¬ 
tions: 


1.  Stoichiometric  PbSe 

2.  0.02  Atomic  percent  excess  lead 

3.  0.03  Atomic  percent  excess  lead 

Resistivity  scans  of  each  cinglo  crystal  vere  made  employing 
the  four  point  probe  technique.  Three  scans  of  each  crystal  vere  made 
and  the  resistivities  reported  in  Table  17  are  average  values.  Typical 
scans  can  be  found  in  Figures  5-8. 

The  resistivity  data  is  converted  tr  coroosition  in  the 
folluolng  manner. 

The  number  of  carriers  per  cubic  centimeter  on  the  solidus  is 
given  by  the  egression. 

(21)  P-l/^pJe 

The  mobility  vas  determined  in  this  laboratory  by  the  Rail  Effect. 
The  specimen  vas  assuemed  to  have  a  non-degenerate  distribution.  Thus 
the  equation  used  vas 

<22>  *R  -  -h 
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where  experimentally 


(23)  ^  -  VH»/lH 

The  value  obtained  for  the  mobility  of  holer  was  55O  cm2/volt  sec  where 
RH  is  4.92  cm3 /coulomb  for  p-type  material.  The  number  of  holes  is  ob¬ 
tained  from  (21). 

Figure  9  illustrates  the  method  used  to  calculate  the  deviation 
from  stoichiometry.  The  liquidus  curve  is  given  by  the  overall  ccc5>o si¬ 
ll  on  while  the  solidus  is  given  by  the  composition  calculated  from  the 
seed  end  resistivity.  It  was  aesuramed  that  in  the  small  composition 
range  investigated  the  liquidus  and  solidus  curves  could  be  approximated 
by  straight  lines.  Urns,  one  obtains  the  value  of  the  maximum  melting 
point  composition  at  the  intersection  of  the  liquidus  and  the  solidus. 

Ihe  value  obtained  is  0.009  atomic  percent  excess  selenium.  The  liquid 
in  equilibrium  with  stoichiometric  load  selenide  is  0.08  atomic  percent 
excess  lead. 

The  value  of  0.009  is  slightly  higher  than  the  value  of  0.005 
excess  selenium  obtained  by  Goldberg  and  Mitchell  (24). 

The  method  used  above  permits  only  the  relative  positioning  of 
the  liquidus  and  solidus  with  respect  to  composition.  The  melting  ranges 
must  be  obtained  from  thermal  analysis  data. 

D.  Electronic  Properties  oi  ^bSe: 

Putley  (25)  measured  the  electrical  conductivity  and  Hall  effect 
in  the  FbS,  PbSe,  and  FbTe  series  and  found  that  the  mobilities  in  these 
compo’inds  obeyed  a  power  law  of  the  form  “5/2  vhere  fA*  is  a 

constant  over  the  range  100’K  to  700 *K.  In  a  later  paper  Putley°(2o) 
reported  intrinsic  conduction  data  which  provided  additional  evidence 
for  the  t'5/2  nobility  variation.  From  Hall  effect  data  he  calculated 
the  energy  gap  of  PbSe,  and  using  the  T"5/2  mobility  variation  he  was 
also  able  to  calculate  an  energy  Gap  value  from  conductivity  data.  The 
values  were  0.50  eV  and  0.45  eV  respectively. 

Hirahara  end  Murakami  (5)  measured  the  el*  ^  cal  conductivity 
and  Hall  constant  of  P  and  n-type  lead  selenide  in  tu-  range  from  5°0*C 
to  -180**C.  They  employed  polycrystalline  samples  prepared  by  sintering 
powders  of  selenium  and  lead  under  a  pressure  of  100/Tg/cm.  The  high 
temperature  measurements  were  made  in  an  atmosphere  of  pure  nitrogen  gas. 

Between  334*K  and  500*K  Hirahara' s  data  was  linear.  They 
assumed  this  to  be  the  intrinsic  region  and  by  plotting  log  <T  versus 
l/T  they  obtained  an  energy  gap  of  0,48  eV.  Additional  data  reported  by 
Hirahara  and  Murakami  include  mobility  ratio,  b  a  M'e  =  1.43  from  which 


the  effective  mass  ratio  me  =  1.15  may  be  calculated, 
mh 

E.  Electronic  Data: 

The  energy  gap  was  measured  on  two  crystals.  One  was  a 
single  crystal  of  stoichiometric  composition,  while  the  second  was 
a  tri-crystal  containing  an  excess  of  0.08  lead  over  the  stoichiometric 
composition. 

The  crystals  were  sealed  into  pyrex  capsules  and  tungsten 
leads  were  brought  into  the  capsules  via  glass  to  metal  seals.  The  tung¬ 
sten  leads  were  fusion  welded  to  the  lead  selenide  crystal.  The  capsules 
were  sealed  off  at  a  pressure  of  1  micron  of  Hg. 

She  resistivity  was  measured  by  the  standard  direct  current 
method.  The  only  modification  02'  this  technique  that  was  made  concerned 
the  measurement  of  the  EMF  at  2ero  current.  This  IMF  is  due  to  th« 

Peltier  effete  and  was  added  algebraically  to  the  voltage  drop  produced 
when  a  current  was  passed  through  the  specimen. 

Figures  10  and  11  are  curves  of  $  in  ohn-cn  versus  10^/T*K. 

If  we  have  a  minimum  in  the  conduction  band  with  spherical  symmetry  and 
thus  a  -calar  effective  mass  m  ,  and  also  a  single  maximum  with  spherical 
symmetry  in  the  valence  band  with  effective  hole  mass  m^  then 

(24)  A  -  [e/(h  (V1)aJ  t‘3/2  exp  (  ^/2kT) 

A  first  approximation  assumes  the  bracket  is  a  constant  end  the  variation 
in  T "3/2  is  small  compared  to  the  exponential  term  and  eq  (2*0  reduces  to 

(25)  in  A  -  lnA-  +  Up 
and 

(26)  &E  -  2KriT2  In  P 1 

T2  '  T1  K 

Results  using  equation  (Co)  ere. 

AE  a  0.417  eV  for  tri-crystal 

AE  a  0.456  eV  for  single  crystal  of  stoichiometric  Fbde. 

In  the  case  of  FbSe  as  Jn  the  PbTe  there  exists  a  difference  in 
the  energy  gap  values  determined  optically  as  compared  with  thermal  measure¬ 
ments,  the  latter  yielding  a  higher  value.  For  FbSe  the  comparable  values 
are  thermal  ***  .45  eV,  optical  ^.26  eV. 

To  see  if  the  energy  gap  being  measured  was  truly  a  measurement 
of  the  intrinsic  value  an  attempt  was  made  to  quench  in  defects. 
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The  only  reliable  data  vas  obtained  by  air  quenching.  This 
involved  measuring  the  room  temperature  resistivity,  then  bringing  the 
specimen  to  equilibrium  at  an  elevated  temperature  and  quenching  by 
removing  the  encupsuled  specimen  from  the  furnace  and  bloving  air  on 
the  capsule.  On  quenching  a  sample  from  about  800°K,  the  resistivity 
after  quenching  vas  in  the  order  of  l/3  to  l/2  the  resistivity  of  a 
slow  cooled  specimen,  clearly  indicating,  at  least  qualitatively  that 
defect  generation  is  responsible  for  some  generation  of  carriers  at 
elevated  temperatures. 


V.,  INVESTIGATION  OP  Sn^Fb^Te 


Specimens  of  ten  ccmposHions  evenly  spaced  across  the 
pseudobinary  system  Sn  Fb.  Te  were  prepared  by  scaling  veighed  quanti¬ 
ties  of  the  metals  into  evacuated  quartz  capsules,  and  then  lowering 
the  capsules  through  a  furnace  held  50*0  above  the  melting  point;  at  a 
lowering  rate  of  0.5  cm/hr., 

Metallorgaphi  c  examination  showed  that  there  were  no  second 
phase  inclusions  in  the  specimen*,  indicating  that  the  vertical  cut 
examined  is  a  pseudobinary  with  complete  miscibility  of  the  two  con¬ 
stituent  compounds,  SnTc  rnd  FbTe.  Single  crystals  were  not  obtained, 
but  rather  the  ingots  alx  consisted  of  long  thin  columnar  grains,  the 
grains  extending  the  length  of  the  ingot,  but  each  grain  vas  only  about 
5  mm  in  diameter. 

The  resistivity  of  the  samples  was  determined  from  77°K  to 
800oK  and  the  Hall  coefficient  from  77  °K  to  300°K. 

In  the  intrinsic  range  from  77  ®K  to  300 ®K,  the  temperature 
range  over  which  the  Hall  coefficient  was  measured,  the  carrier  con¬ 
centration  or  ail  the  alloys  remained  constant. 

The  resistivity  vas  observed  to  increr  *  continuously  foi 
all  specimens  from  the  lowest  to  highest  tempera  -  respectively 
except  for  PbTe,  which  exhibited  intrinsic  behav*  above  200*C. 

Although  the  resistivity  curves  cannot  be  taken  by  themselves 
as  definite  indications  of  the  existence  or  non-existence  of  energy  gaps 
in  these  specimens,  it  appears  as  if  the  activation  energy  for  carrier 
generation  of  the  alloys  is  very”  low  (<0,05  eV)  for  specimens  with  tin 
contents  greater  than  15  at  The  activation  energy  increases  approxi¬ 
mately  linearly  with  decreasing  tin  content  from  15  at  #  to  about  5  at  # 
Sn,  reaches  a  maximum  of  about  0.4  eV  and  then  decreases  to  0.35  eV  for 
pure  FbTe. 


It  should  be  emphasized  that  these  are  the  values  of  the 
carrier  activation  energy,  and  rot  necessarily  that  of  the  energy  gap, 
since  defect  formation  also  probably  produces  carrie* «  in  these  alloys. 

While  the  variation  of  nobility  and  temperature  in  none  of 
the  alloys  obeys  the  standard  T11  function  of  temperature,  in  general, 
the  dependence  of  nobility  .on  temperature  increases  with  increasing  tin 
content  from  roughly  a  T"’/2  dependence  for  3nTe  to  a  T"5/2  dependence 
for  PbTe. 


VI.  SUHSABY  AND  CONCLUSIONS 


The  disparity  in  energy  gap  values  for  PbTe  as  determined 
from  optical  and  thermal  measurements  nay  be  explained  by  generation 
of  excess  carriers  aue  to  defect  generation  at  elevated  temperatures. 

An  analysis  of  activation  processes  involved  points  to  Fo  interstitials 
as  the  most  lilccly  defect  present. 

BaSe  and  BaTe  can  be  prepared  by  direct  reaction  of  Ba  with 
Se  and  Te.  The  binding  energies  of  these  compounds  is  high  as  evidenced 
by  their  high  melting  points:  EaSe  •+  l330*C,  Bale  *  1510*C,  and  high 
resistivity  at  room  temperature:  BaSe  *+  3  x  1010  ohm  cm,  BaTe  v7  x  10' 
ohm  cm,  indicating  that  both  would  have  rather  high  energy  gaps.  On 
examination  of  the  PbSe  base  diagram  by  thermal  analysis  and  metal - 
lographic  techniques  it  was  determined  that 

1)  the  melting  point  of  PbSe  is  678.3*0 

2)  a  monotectic  reaction  occurs  on  the  selenium  rich  aide  of 

PbSe 

3)  a  monotectic  reaction  does  not  occur  on  the  lead  rich  side 

of  PbSe. 

Measurements  of  electronic  properties  of  PbSe  '"dicated  that 

1)  stoichiometric  PbSe  does  not  melt  the  maximum  melting 
point  but  the  maxima  «#•?**! ng  p*tst  occurs  at  a  composition  containing 
0.009  atomic  percent  selenium. 

2)  the  energy  gap  as  determined  from  resistivity  and  Hall 
effect  as  a  function  of  temperature  ,  **■'  0. 45  eV  la  greater  than  that 
reported  from  optical  measurements  *'0.26  eV. 

3)  on  the  basis  of  exploratory  quenching  experiments,  It  appears 
that  the  above  discrepancy  results  from  defect  generation,  as  in  the  case 
of  PbTe. 


17 


POTe  and  Sn2e  are  completely  miscible  in  the  system  Pb  Sn, 
Preliminary  experiments  indieated  that  the  electronic  parameters* 
vary  continuously  as  Sn  is  substituted  fo-  Fb  .... 


\Te. 
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TABLE  I 


Composition 
Atomic  Percent 

30.00  Se 
70.00  Fb 

35.00  Se 
65.00  Pb 

to. 00  Se 
59.99  H) 


45.00  Se 
55.00  Fb 

47.00  Se 
53.00  Fb 

48.00  Se 
52. 00  Fb 

49.00  Se 
51.00  Fb 

49.16  Se 
50.84 

50.00  Se 
50.00  Pb 


50.99  Se 
49.01  Fb 

52.01  Se 

47.99  ?b 

53.00  Se 
47.00 

56.00  Se 
44.00  Pb 


65.OO  Se 
to. 00  Fb 

65.OO  Se 
35.00  Fb 

70.00  Se 
30.00  Fb 


LIQUIDUS  DATA 


Average  Cooling  Liquidus  Temperature 


Bate  *C  Per  tttn  (*C) 

l“C/Min  970.45 

1.2  981.84 

0.9  982.26 

0.6  1006.1 

0.8  1006.3 

0.8  1006.1 

1.3  1036.0 

1.1  1035.7 

0.6  1059.1 

0.6  1059.7 

0.8  1070.7 

1.1  1077.3 

1.1  1077.9 

v.9  1078.5 

1.  1080.Q 

0.6  1080.4 

1.2  1080.9 

1.3  1079.9 

1.0  1069.3 

0.65  1069  ' 

0.7  1043.. 

0.5  1011.7 

0.6  1012.2 

0.5  1010.7 

0.6  943.5 

0.5  943.4 

0.8  853.5 

0.93  778.7 


..1 


Average  Liquidus 
(°C)  Temperature 

970.45*0 

982.1 

1006. a 

1033.9 

1059.4 

1070.7 

1077.6 

1078.5 

1080.7 

1079.9 

1069.5 
1048.1 

1011.5 

943.5 

853.5 
778.7 


TABLE  II 


MQNOTECTIC  DATA  -  SELENIUM  RICH  SIDE 


Composition  Atomic 
Percent 

Average  Cooling 
Rate  *C 

Temperature  of  Mono* 
tectio  Arrest  WC 

65.00  Se 

35.00  Fb 

0.83 

678.53 

70.00  Se 

0.6 

678.1 

30.00  Pb 

0.7 

678.1 

cO.OO  Se 

0.5 

678.2 

i»0.00  Pb 

0.6 

670. 2 

For  Monotectic 

Av.  Tenp. 

Oc curing  at 

76.5  at.  i  Se 

678.3*C 
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TAELS  III 


ALLOTS  INVESTIGATED  FOR  MONCCSCTIC  ARREST  -  LEAD  RICH  SIDE 


Atonic  Percent  Pb 

Average 

Cooling 

Rate 

'C/Min 

Average 

Liquiduo 

Tenp 

°C 

79.50 

0.75 

926.0 

75.00 

0.65 

952.4 

70.00 

1.1 

969.1 

65.00 

1.0 

982.1 

59.99 

0.8 

1006.2 

TABLE  iy 

ELECTRONIC  DATA  TOR  DEVIATION  OF  MAXIMUM  MELTING 
POINT  FROM  STOICHIOMETRIC  COMPOSITION  FOR  FbSe 


Liquid  Composition 
Atonic  Percent  Excess 

Lead 

Average  Seed  t" 
Resistivity  Ohn 

Itoles 

Cn3 

^Atcm 

0.00 

0.0019 

S^'IO18 

0.017 

0.02 

0.0025 

4.5-1018 

0.013 

0.03 

0.0045 

2.5-1018 

0.0072 
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Temperature  versus  Atomic  *  Se  In  the  Stoichiometric  Point  Region 


0.  3MfUVM3dW3i 
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ATOMIC  PERCENT  S« 


Figure  U  -  lMSe  86)CPb  (At.jO.  Air  quenched 
iron  1000°F.  C30  under  polarized  light. 
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RESISTIVITY : 


0  0.2  04  06  08  1.0  1.2  1.4  1.6  1.6  2.0  2.2  2.4  2.6 


DISTANCE  FROM  SEED  END  :  INCHES 


Figure  5.  Reoletlrity  Seen  Stoichiometric  PbSe  Single  Crystal 
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RnslatlTity  Scan  0.02  Sceeaa  Pb,  PbSe  Singl*  Crystal 


X 


DISTANCE  FROM  SEED  END  :  INCHES 
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K<wl*tiTlty  Sein  0.03  Bccms  LMd.  PbSe  SinglA  Crystal 


lo^/t®*,  Slnglrt  Crystal,  Stolch'on»trlo  PbS« 


'»S<W  ‘jlol/fOT  «»*•*  *rt  »«3H 
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